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Two-stage selection of sequences from a random phage display 
library delineates both core residues and permitted structural 

range within an epitope 
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Ubriies; of random peptides can be screened to identify species' which interact with antibodies or 
receptors. Similarly, maps of native molecular intc; actions can frequently be deduced by screening a 
!i mted set ^^pefitidie fragments derived from sequences within a native antigen or ligand. Hcnvever, the 
existence of cross-reactive sequences that mimic original epitopes and the limited replac^ta 
aci<i residues suggest that the segueri^ 

of this space is of particular importance where structural information is required for peptidomimetic or 
drug design. We have used a two-stage selection scheme to expand the sequence space accessible by a 
phage display library and to define peptide epitopes of the anti-FLAG octapeptide monoclonal M2 
antibody. Affinity selection of a primary library of 2 X 10 6 random decapeptides identified a non-con- 
tiguous core of three residues in the binding motif Tyr-Lys-Xaa-Xaa-Asp. A second stage library with 
2 X 10 7 individual clones bearing the core motif but with the remaining flanking and internal residues 
re-randomized permitted access to a broader sequence space represented in a library equivalent to 
several orders of magnitude larger. Data here demonstrate that extended access to binding sequence 
spac£ permitted tymulti-stage libraries can reveal not .only, essential residues 

required for ligand binding, but ' ; i^\&c(^ig^d Structural range permitted .within the receptor .binding , 
pocket... .. . *: ■• ■ 
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Introduction 

Vast numbers of ligands for antibodies or re- 
ceptors can be screened by phage display as fu- 
sion proteins on the surface of filamentous bacte- 
riophage (Scott and Smith, 1990; Cwirla et al., 
1990). Successful use of these display libraries 
couples the expression of ligand-containing fusion 
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proteins on the phage surface with amplification 
of ligand-encoding phage after affinity selection, 
libraries of short random peptide sequences 
(Scott and Smith, 1990; Cwirla et al., 1990; Devlin 
et al., 1990), mutant and wfld type hormones 
(Lowman et al., 1991), enzymes (Roberts et al., 
1992; McCafferty et al., *991) and antibody vari- 
able region genes (McCafferty et 1990; for 
review see Hoogenboom et al., 1992) have been 
successfully expressed on the surface of phage. 

We chose the M2 monoclonal antibody/ FLAG 
octapeptide epitope system (Hopp et al., 1988) to 
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examine the selection and hierarchical domi- 
nance of peptides on phage for binding to a 
monoclonal antibody specific for the FLAG pep- 
tide immunogen. The FLAG peptide was origi- 
nally engineered as a "tag" for immunoaffiiiity 
purification of genetically-engineered proteins. 
We identified two related peptide species after 
three rounds of affinity selection from an initial 
library of 2 X 10 6 random peptide phage clones. 
These selected peptides shared a common se- 
quence motif with the original FLAG immuno- 
gen. While the sequence data obtained from the 
clones sampled following the initial selections 
provided preliminary positional information on 
critical core epitope residues, construction and 
screening of a secondary epitope library provided 
a n ore detailed map of the range of permissible 
residues within the epitope sequence. The theo- 
retical sequence space accessibie through the sec- 
^ otc!^ extended 'owvpiw^-lb^ix'iv 

^yen;- orders of magnitude to oyer ' 10 11 se- 
quehces; vastly greater than that contained in any 
single library reported to date (Cwirla et al., 
1990; Scott and Smith, 1990; Devlin et al., 1990). 



Materials and methods 

Construction of the random, decapeptide-pffl fu- : 
sion phage display library ■ 
/VTlie^SE-5 vector and associated £. cM host I? 
strains were generously provided by Drl George ' 
Smith (University of Missouri, Columbia, 1 MO) 
(Parmley and Smith, 1988; Scott and Smith, 1990). 
Construction of the random decapeptide display 
libraries has been described previously (DeGraaf 
et al., Briefly, a chemically synthesized, 

single-stranded degenerate insert was annealed 
to shorter oligonucleotides which generate Sfil 
restriction site overhangs. A five-fold molar ex- 
cess of the annealed DNA was mixed with S /ig 
of S/il-cut fUSE-S vector DNA and ligated 
overnight with T4 DNA ligase (Boehringer 
Mannheim). Following electroporation in E. coli 
MC1061 the library of 2 X 10 6 clones was ampli- 
fied through approximately ten population dou- 
blings in fresh LB with 20 /xg/ml tetracycline. 

Construction of the secondary library of 2 x 10 7 
individual clones with inserts encoding NH 2 -Xaa- 



Xaa-Xaa-lVr-Ly&-Xaa-Xaa-Asp-Xaa-Xaa-COOH 
was performed in similar fashion to the primary 
library. Phage expressing the native FLAG pep- 
tide insert [(Xaa) 3 -Asp-Tyr-Lys-Asp-Asp-Asp- 
Asp-Lys-Gty] were also constructed and used for 
ELISAs as described below. 

Affinity selection of phage libraries 

Oxirane activated acrylic beads (Sigma) were 
washed extensively with PBS until the OD^q was 
approximately 0.00, followed by one wash with 1 
M potassium phosphate buffer, pH 7.4- Coupling 
of anti-FLAG peptide monoclonal ^antibody (M2) 
(Kodak/ IBI) was perfonhed^ly^ 
tig antibody in 0.S ml potassium phosphate buffer, 
pH 7.4 with 20 mg washed oxirane beads for 8 h 
at room temperature: Fullowing coupling, the 
beads weire reacted with 0.2 M.^^^p^'. 
t ethanqlJ^4iJi" at-4°Gito block: excess oxii^^^^ 
gjoups^odWashed wittf 1TB (50 n^^s,:pHi 
7.5, ISO^mM^ t; 
mg/ ml BiS A) buffer. y : A ^ ; 

. The original random decapeptide phage li- 
brary was concentrated to approximately 2 X 10 10 
pfu/ml in a 450 til volume. A 1/20 vol. of this 
library was affinity selected on 20 mg of M2-cou- 
pled beads in 1TB in a microfuge tube. Following 
4 h incubation with rocking at room temperature 
, the mixture .was centrifuged at 14,000 rpm for 3 
min and non-adherent phage in the supernatant 
were remwea.^Beads were washed five timesf: 
with I ' tnl TTB (15 min per wash) and bound 
phage eluted . with 0:5* ml of 0.1 M glycine, pH 25 
for 30 min ait room temperature with gentle rock- 
ing. Following elution, the acid eluate was neu- 
tralized with 50 fil Tris-HQ, pH 9.5 and concen- 
trated to 200-300 ill with a Centricon-30 micro- 
concentrator (Amicon). Concentrated phage from 
the eluate were mixed with freshly-prepared 
"starved" E. cnli K91-Kan cells and amplified 
overnight in Lb containing 20 /xg/ml tetracy- 
cline. Amplified phage were concentrated via se- 
quential PEG precipitations as described (Parm- 
ley and Smith, 1988). 

Biotinylation of epitope phage 

Phage were equilibrated in 50 mM sodium 
bicarbonate, pH 8.5, diluted to a concentration of 
2 x 10 12 particles/ ml and reacted with freshly 
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prepared sulfo-NHS-biotin (Pierce) at a final con- 
centration of 500 MS/ nil in the same buffer. The 
biotinylation reaction was allowed to proceed for 
30-45 min at room temperature, quenched by the 
addition of solid glycine and unincorporated bi- 
otin removed by filtration through a Centricon-30 
microconcentrator. 



washed and incubated for 30 min with avidin-HRP 
(Molecular Probes). Finally, plates were washed 
extensively, as above, and developed with o- 
phenylenediamine dihydrochloride (OPD) sub- 
strate (Sigma). Plates virere read on an ELISA 
plate scanner (Titertek) at 450 hm after 5-10 
min. 



Phage ELISAs 

Microtitcr EIA II Plus plates (Linbro) were 
coated with 100 /tl of FLAG MAb (6.0 /xg/mH 
in 0.1 M sodium bicarbonate, pH 8.5 at 4°C 
overnight. Plates were washed five times each; 
^^ TBS>f0.5% Tween 20 (v/v) and TBS before 
blocking with Blotto (5% nonfat dry milk (Carna- 
tion) in TBS, containing 0.02% NaN 3 ) for 45 min 
at - .:4^C V -Plate^ ; were washed and biotinylated 
f Fj^djpha^e' added (5 X 10 9 particles/ well) in 
$^/|^^ (riav* 

FLAG p^ptift^ 
were added during the phage binding step. Fol- 
lowing binding for 45 min at 4°C; rplatjes^ were 



Results; 

Fig; 1 shows the sequences of decapeptide 
inserts in samples of phage selected from a pri- 
: ,ma^ iibra^ X 10 6 random clones through 
three rounds of affinity binding on immobilized 
M2 antibody. The data demonstrate a progressive 
selection of sequence species as a result of con- 
secutive rounds of binding. 
: None of hine^phage clones sampled after one 
, round- of binding selection was found in multiple^ 
copies,, and seven of the nine were not se;en again 
in samples from later rounds. One of the round 



SEL ECTI ON 
ROUND 



INSERT SKOUKNCB 

GLN-GLY-SER-ALA-ASP-TYR-LYS-TRP-SER-ASP 
PRO-HIS-TYR-LYS-ARG-GLY-ALA-ARG-LEU-6LY 
PHE-ILE-VAL-LEU^GLY-ASNtSER-ASP-PHE-TRP 
ILE-LYS-SER-VAL-,SER-SERttASN-6LY-PHE-SER 
LEU-LEU-ILE-LYi5^M6^iS-GLY-SER-ASN-GLN 

LEU-GLY-ARGrLYSrLEU-PRO-GLU-HIS-LEU-SER 
^ASP-ARG-SER-TOTrVAL-TYR^ ? - ? - ? 
* ILE-SER-LEU^-SER-GLU-LEU-PRO-SER-GLU-ARG 



FREQUENCY CLOHBi 



1/9 
1/9 
1/9 
1/9 

179 
i/9. 
1/9 
1/9 



FRl.lv. 
FR1.2 
FR1.3, 
FR1.4. 

'jFRl$i6,,. 
FR1.7 
FRii8 

*FR1;9 



2 LEU-TXR-I.YS-GLU-GLY-ASF-VAL-PHE-ARG-SER 4/12 FR2.1 
GLN-GLY-SER-ALA-ASP-TYR-LYS-TRP-SER-ASP 6/12 FR2.2 
ALA-GLY-GLO-TYR-LYS-HIS-PHE-ASP-GLN-PHE 1/12 FR2 * 3 
TYR-LYS-ASP-GLY-ASP-HIS-TRP-PRO-AIA-VAL 1/12 FR2 . 4 

3 LEU-TYR-LYS-GLO-GLY-ASP-VAL-PHE-ARG-SER 2/8 FR3 • 1 
GLN-GLY-SER-ALA-ASP-TYR-LYS^TRP-SER-ASP 6/8 FR3 • 2 

(ORIGINAL P&tUMOGKH ) 
-ASP-TYR-LYS-ASP-ASP-ASP-ASP-LYS-GLY-PRO-LYS-LYS-GLY- 

1 2 3 4 5 6 7 8 9 10 11 12 13 (residue*) 

F2g. 1. Amino acid sequence of inserts deduced by DNA sequencing of phage clones following multiple rounds of affinity selection 
on M2 mAb-coated oxtrane beads. Insert residues shown in rjr'd show homology to the native FLAG peptide immunogen. 
Numbers in parentheses represent the number of repeated isolates/total number of clones sequenced at that round. 
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one clones, FRL2, contained a TYR-LYS dipep- 
tide shared with the original immunogen, but did 
not become enriched by subsequent rounds of 
affinity selection. By contrast, the remaining first 
round clone (FR1.1) was found duplicated (by 
clone FR2.2) as half of the 12 clones sampled 
after round two and 6 (clone FR3.2) of the 8 
clones picked after three selection cycles. The 
Asp-Tyr-Lys-Xaa-Xaa-Asp sequence motif of the 
decapeptide insert in these highly-enriched clones 
also had the most similarity of any of the sampled 
sequences to the original FLAG immunogen. The 
high frequency of representation with repeated 
selection, combined with the: ^rly.appearance of 
this sequence after just one round of selection 
suggests its strong, specific enrichment by affinity. 
r A second, clone (FR2.1) bearingjhe ; Tyr r Lys- : 
Xaa-Xaa-Asp motif in FLAG was similarly multi 
.pl^^epresented, in ; one ^hir4;?tQf ^©|;(P!9^ S : at ' 
J roundi^wo and was identical to the less J frequent 
; (FR3.i)ipf the two unique phage sequences sam- 
pled after ground three. Each of: the other two 
clones in the sample after two selection rounds 
also shared the Tyr-Lys-Xaa-Xaa-Asp motif of 
the immunogen in different overall sequences, 
but were each present only in single copies and 
only at that round. One of these clones (FR2.4) 
also contained an additional Asp residue in com- 
mon with position 4 of the FLAG, immunogen. 
This added sequence homology did not, however, 
appear to confer a selective advantage over other 
identified species in subsequent rounds of bind- 
ing. Tliis clone was not present in multiple copies 
and its selection was not sustained through fur- 
ther enrichment in subsequent rounds. This con- 
trasts with the early dominance of clones bearing 
an Asp residue immediately preceding the Tyr-Lys 
dipeptide at immunogen position 1, which sug- 
gested a possible binding advantage to ligands 
with this residue. 

The importance of the shared Asp-TVr-Lys- 
Xaa-Xaa-Asp motif for M2 antibody binding was 
confirmed by competitive ELISAs with phage de- 
liberately engineered to bear the native FLAG 
immunogen sequence. The data in Fig. 2 show 
that binding of the FLAG peptide phage by M2 
antibody could be inhibited by a synthetic peptide 
with the same immunogen sequence. Similarly, a 
synthetic peptide with the Asp-Tyr-Lys-Xaa-Xaa- 
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OVKODDOK PHVKRQARLQ OQWCVKWWh ALRLROVSPI 



SOLUBLE PEPTIDE COMpCTITC^^:^ i 
Fig. Z Inhibition of FLAG-epitope phage binding , to M2 . 
antibody by soluble synthetic peptide competitors. Underlined 
letters in peptide sequence represent shared residues with the 
native FLAG immunogen. >°j final peptide, concentration 133 



Asp core sequence of the selected peptide phage 
(but containing neither of the two internal Asp 
residues present at positions 4 and 5 in the origi- 
nal immunogen) also blocked binding of the na- 
tive FLAG phage. The high concentration of 
soluble peptide required (133 /iM) to inhibit 
binding by multivalent phage is consistent with 
reports by others (Barrett et al., 1992). By con- 
trast, a synthetic peptide with no homology to the 
FLAG immunogen, and a peptide sequence from .* 
a phage ^ dipeptide of; 

the identified core motif failed to inhibit binding 
of the native peptide phage. * ; 

More detailed resolution of the critical epitope 
residues: flanking and within the putative core 
motif was obtained with a secondary library bear- 
ing (Xaa) 3 -Tyr-Lys-Xaa-Xaa-Asp-(Xaa) 2 inserts 
randomized at non-core amino acids. An Asp 
corresponding to position #1 of the FLAG im- 
munogen iii ^e core motif was not maintained 
here as a constant residue. It's presence in the 
sequences selected from the initial library was 
confined to only a s ; ngle sequence in sibling 
clones cOid could dominate for reasons other than 
optimal binding. Selection by affinity binding to 
immobilized M2 antibody was done identically to 
that of the primary library. 

Data in Fig. 3 show that no repeats were found 
in the sequences of eight clones sampled after 
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ORIGINAL IMMUNOGEN: 
RESIDUE POSITION: 

•fflEUECTIOM ROUND 
1 



'^2 



-lv3-»erHB»-WM»«lu-flXn-«a»-«rg-thr- 
-lys-8er-MM»-I»-9lu-9li»-«aP-»r9-tlir- 

-phe-^lo-aet-TWt-M re * SP -ie u MP ■ t hr-arg- 
-lIe-iXe-glyrfnt-M»?*S»-ileHtt»-gly-«er- 
-arq-ala-phe-TI»-WrB-*S»-gly-»ay-pro-sor- 
-a^-glo^lo-TOb-fiW^MP-^lurMP-^ly-ile- 
-phe-ala-glu-TTtt-LIS-iiiet -gly-ASP-leti-ile- 
-met-val-gltt-n»-I»*rp-ala^MP-phe-met- 
-l«o-arg-glB-n»-l»»-«tet-lcii-iM»^ala-tyr- 
-ile-1 ya-asn-TT^UfS-phe-oet-ASP-pro-thr- 

-ala-val-MM*MT8-vai-*SMS»-leu-leu- 
-ile-ila-Wff-mr&ys-Mr-Ber-W-phe-sar- 
-lya-^ly-ASP-WB-lT5-ola-phe-ASP-a«n-lou- 
-arg-ser-JtfMHrtW-aia-gly-iMP-thr-Mr- 
-arg-aer-Aaff-TTR-LTS-pho-arg-MP-lau-oer- 
-arg-asp-AflP-TTR^LTS-lya-gly-ASP-qln-tyr- - 

-lau-mat-MP-mF-LTa-pbe-aer-MFriy 8 "^'" 

-gly-ser-ASt-T»-LtS-l«u-arg-*BP-pro-gly- ■ 

"val-Xya-MP-TTR-tW-tyr-gly-AaP-ile-Iya- 

-arg-lie-MP-Tt»-Lt5-arg-val-MJ-ala-phe- 

-aan-gly-MP-*TR-LlS-arg-aer-*\flP-thr-tMt- 

-arg-thr-«»-m-L»-phe-vai-MP-tyr-thr- 

-val-glh-MMni-Ltft^aly-ala^MP-arg-gly-' 

-trp-aan-aan-T»R-LT8-ASP-pha-MP-^Xu-leu- 

^lu-ile-aar-T»li-lJrS-pho-gln-*»-pro-thr- 

" rhia-aan-^WP-«^Lt8^;eu^val-iW^ln-arg- 
aap-lya-M^-TOl-LSa-aan-val-AOT-Qln-leu- 
Uo-ser-JOT-tnfc-iaa^irg-ala^M^iyB-aer- 

— -LTS-phe-tyr-lSP-lya-ala- 

-Urattile-aiarM^tyrrtyr 



-aan- 

,-leu- 



■ser- tyr-0lSP-Tni-J.TS^ln-8erHkSP-arg-val- - 
. * -asp-pro-ASP-Tni«LYSrala-ala-*SP-val-gly- 
*■ -his-val-lSP-CTR-U9Hfrp-pr<*-18F-leu-his- 
/ -cys- val-ASP-WR-tT8-gln-val-*SPrlys- ser- . 
-arg-lysnaflMTO-lTS-leu-hia-ASP-phe-leu- 
-leu-arg-OSJ-TTR-ITS^lu-leu-ASP-val-phe- 
-aer-gly-«SMnu-wrs^»8P-lys-*S»-thr-arg- 
-gXy-arg-MMnfc-lOT-tyr-^^a»-tnr-arg- 
-asp-val-asn-TO-lTO-ASP-leu^MP-ile-phe- 
-phe-tyr-qlu-TTSrLTS-leu-ala-*af-ala-Xeu- 
-phe-ile^lu-«Rf-W»-leu-giy-*S»-ile-pro- 

4 -^ly-lya-AOT-TT*»UrS-ile-ala-ASS-leu-asn- 
-gly-lys-AS»-TtR-LYS-He-ala-ASP-leu-asn- 
-gly-lys-AS»-TYR-I.Y3-ile-ala-*SP-leu-asn- 
-arg-ser-*S*-»nt-WS-arg-ser-*SP-arg-leu- 
-arg-sor-*OT-TTR-LTS-arg-ser-A3P-arg-leu- 
-ile-val-ASP-Tnt-US-met-arg-OkSP^ser-arg- 
. -ile-val-ASP-TTR-LTS-icet-arg-aSP^aer-arg- 
-leu-val-ASB-TTtt-LlS-ala-a6r7»ffl?-ala-arg- 
. J ;-arg-glD-*aP-TTtt-LTOrleu-val^*OT-arg-asp- 
f . -tyr-thr-W-TfWilS-lya^a^SB-lya-^ly- 
r v -Xeu-val-*S»-*tR^MS^hr7*8erT^»a»-ser-plie- 
-arg-aa p MP T Ift-iaa-ala-p ho Mff ' pro-arg- 
. -leu-aer-*SP-TTtt-IiIS-hla-glu-ASP-arg-trp- ) 
-txp-ile-8or-Tni-LTS- : *SP-gly-A3P'thr- ; arg- r 
-val-ala-ser-Tia-LTS-leu-leu-aSP-pro-ser- 
" .. *, ■ t- !.'*■* ■ 

Fig. 3. Amino acid sequence of inserts deduced by sequencing 
of secondary library clones selected through multiple rounds 
of binding to immobilized M 2 antibody- Amino acid positions 
are numbered relative to corresponding residues in the origi- 
nal FLAG peptide immunogen. 



one round of selection. Several of the selected 
clones, however, did bear additional homology to 
the original immunogen with an Asp residue at 
either the first or fourth position of the FLAG 
sequence. One of these also shared an Asp 
residue with the native immunogen at position 
five. 

Further rounds of affinity selection with the 
secondary library revealed several patterns. First, 



the selected sequences were highly heteroge- 
neous at positions 4 and 5 within the core motif 
of the immunogen. This result is shown in detail 
in Fig. 4. l?,and 16 of the possible 20 arriiuo adds 
were represented at the respective positions 
among the total of 63 ^ sampled across four 
consecutive rounds ^of selection. Sequences shar- ; 
ing an Asp residue at either of these posir 
tions with the original immunogen did not domi- 
nate the selected clones (Figs. 3 and 4). Similarly, 
the residues at position 7 were similarly heteroge- 
neous and represented by seventeen of the possi- 
ble twenty amino acid residues (Figs. 3 and 4). 

; ; By contrast^ Fig. 3 does show preferences upon 
successive selection toward acidic residues Glu 
(in six of 63 clones) or Asp (47 of 63) at immuno- 

■ gen position 1. As shown in Fig. 5, the frequency 
of Asp residues occurring at position 1 in the 
secondary- library^^was significantly increased 
through several rounds of repetitive j^l^on on 
the M2 antibody. By the fourth round r bf isislecr 
tioni 13 out of 15 sampled sequences included the 
position 1 Asp. No dominance for the other Asp 
residues of the native FLAG were observed at 
any of the other rerandomized positions. 



PHE 
MET 
ASN 
GLY 
SER 
HIS 
GLU 
LEU 
-ASP- 



LYS 
TYR 
- VAL 

. TYR LYS 
GLN HIS 
ItE TYR 
LEU VAL 
* SER PRO 
ALA GLU 
ASN ARG 
GLY MET 
CYS ILE 
PHE LEU 
MET PHE 
TRP SER 
ARG ALA 
HIS GLN 
G1U GLY 
-TYR-LYS-ASP-ASP- 



TYR * 

. -;VLYS>u- 

; -^^SN--- 

THR 
" GLY 
PRO 
^ ALA 
ARG 
PHE 
HIS 
SER 
GLN 
VAL 
•ASP-ASP- 



Fig. 4. Positional heterogeneity within the FLAG epitope 
reflected by secondary library clones. Data compiled from 
analysis of the 63 clones shown in Fig. 3 selected through four 
rounds of successive selection on M2 antibody. Asterisks 
denote fixed residues within the secondary library insert. 
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While the data clearly suggest a selective pro- 
cess at work during the multiple rounds of bind- 
ing, no one individual clone from the secondary 
library dominated even after four rounds, as might 
be anticipated from the much larger representa- 
tion of expected binding peptides synthesized 
around the core binding motif. Hawkins et al. 
(1992) derived a model for affinity selection of > 
phage display clones that shows enrichment of 
phage with higher affinity depends not only on 
the difference in affinity between phage species, 
but also the concentration of receptor relative to 
the binding constant. They ^showed relative en- 
richment by affinity in solutidn phase depends on 
the receptor concentration being less than the K 6 
for receptor-ligand binding. This can be achieved 
* in ^ne way. with low target receptor concentra- 
tions in solution or fewer immobilized, receptors 
-in soHd phase/ We have chosen instead to 
;|these ^conditions (Chaiken et al.; 1989) toy retain- v - 
? ing a high absolute number of immobilized recep- U » 
tors but increasing the apparent (functional) K d -t- 
of the selective interaction with non-chaotropic, ; 
non-specific inhibitors in the binding solution : 
(Thompson et al, 1992). ELISA data (not shown) 
demonstrated that these conditions significantly 
decreased binding of several phage isolates while 



-t yr-i le-Jro-TZR-urs-val-pfter&SF-fRet-phe- 6/15 

-ala-lys-A8P-«SR-£rs-Ieu-pAe-*SP-pro-leu- 4/15 

-val-lys-ASP-TYU-Itf8-Ieu-val-ASP-Jus-ieu- 1/15 

-ser-asp-AOT-rTR-LYS-vaJ-gln-ASP-tyr-phe- 1/15 

-ala-gly-ASP-TYR-LY8-Ieu-ile-JU3P-gly-pro- 1/15 

-leu-tyr-J^-Tra-LYS-asn-gln-ASP-trp-gly- 1/15 



-trp-arg-thr-TYtt-LYS-glu-tyr-ASP-val-gly- 



1/15 



(-2) 



-ASP -TYR-LYS-ASP -ASP -ASF -ASP-iYS- FLAG IMMUNOGEN 
(-1) (1) (2) (3) (4) (5) (6) <7p<8> . : RESIDUE # 




undetected round 1 round 2 round 3 round 4 expecDd 



Ipoaltlont H3 position 4 CD position 8 



■ position 7 j 



FLAG Inununoosn Position: 12 3 4 5 6 7 

Fig. S. Frequency of Asp residues in selected secondary li- 
brary clones. Residue poistions are numbered relative to 
residue positions in the original FLAG peptide immunogen, 
Unsetected frequency represents the occurrence of Asp at 
each position in eight clones sequenced prior to selection. 
"Expected" values represent stochastic frequency of occur- 
rence for Asp dictated by genetic code (2/61X 



Fig. 6. Peptide sequences selected from inserts in the sec- 
ondary library following one round of affinity^ selection under 
stringent binding conditions. The sequences are aligned rela- 
tive to identical residues in the original F^G; peptide im- 
munogen. Stringent selection conditions were similar to those 
described in Materials and Methods except that ethylene 
glycol (40% v/v in TTB) and salt (to a final concentration of 
320 mM> y/ere ( . added . during the ..binding/ step tand to , the 
washes immediately following. Frequency represents number 
„ of repeated isolates/total number of clones sequenced. < 

others, including the native FLAG sequence, were 
minimally affected. 

As shown above, dominant representation of 
Asp residues corresponding to the first position 
of the FLAG immunogen required two to three 
rounds of selection by standard conditions. By 
contrast, Fig. 6 shows that 14 of IS sampled 
phage clones bore an Asp residue at position 1 
v following just, one round of selection in buffers 
with added ^ glycol and increased salt. 
This almost uniform representation is contributed 
'by six distinct phage sequences - each displaying 
an Asp residue at that first position. Two of the 
clones are represented as apparently sibling 
clones in multiple copies. In addition, the clones 
selected under the modified conditions displayed 
a bias toward hydrophobic amino acids in the 
residues at positions 4 and 5 of the immunogen 
core sequence The predominance of Val (7/15) 
and Leu (6/15) at position 4 and Phe (10/15) at 
position 5 suggest an affinity-driven selection for 
hydrophobic residues at these positions. 



Discussion 

Our use of a two-stage selection using mod- 
estly sized phage display libraries (ca. 2 X 10 6 -2 
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x 10 7 independent clones) has demonstrated (1) 
the identification of key residues involved in the 
M2 epitope core and (2) a permissible range of 
flanking and intervening epitope residues. 

Successive cycles of affinity-based selection of 
a random decapeptide phage library yielded se- 
quence information sufficient to predict a core 
epitope for the M2 monoclonal antibody. The 
relative importance of key core residues could be 
predicted through the dominance of individual 
sequences after multiple rounds of affinity bind- 
ing and the pattern of sequences which emerged 
through consecutive rounds of selection. 
.!$jtb$ data from the primary library suggested a 
core epitope with three or four key residues span- 
ning six amino acid positions. A complete library 
of peptides - v ith air twenty amino acids repre- 
sented at each of six residue positions comprises 

lOT^Bfferent species. One; strategy for acr. r 
cessing extended sequence space; with combinato- i 
rial libraries has focused on making iarger start- 
ing libraries. Here we describe^a different ap^ 
proach exploiting principles used by the immune 
system. First, a diverse but limited repertoire of 
peptide binding species (DeGraaf et al., 1993) 
analogous to the available antibody repertoire 
represented on primary sIgM + B cells provides a 
starting point for defining and ultimately 
strengthening the molecular interactions of ligand 
and receptor. Second, species wth preferred 
binding are/ enriched by .affini^^ection' in a f 
process comparable to the clonal selection and 
expansion of primary B ceUs. yThircl, basic se- 
quence and structural themes of selected recep- 
tor-bearing clones (in the case of B cells) or 
candidate ligands (in the case of display peptides) 
are ther modified through mutation. Through 
cumulative selection building on a common, but 
selected theme, repertoires of modest size can be 
expanded to provide adequate information for 
mapping of flanking epitope residues and analysis 
of residue structural constraints. Thus, the need 
to construct larger, logistically unmanageable li- 
braries becomes less necessary. 

In this work, two-stage selection provided two 
types of structural information important for 
molecular modeling and epitope mapping from 
combinatorial libraries. First, sequences selected 
from a small, primary library delineated key, core 



residues required for M2 receptor binding. Sec- 
ond, the diversity provided by a secondary library 
provided access not only to the key species, but 
also to a range of permitted species. This ap- 
proach is conceptually similar to that described 
earlier (Geysen et al, 19$6\ where an identified •. 
di- or tripeptide core of an epitope is the basis 
for chemical synthesis of broader synthetic pep- 
tide sets screened to extend knowledge of the 
epitope and surrounding residues. We have in- 
corporated this approach to epitope mapping into 
the phage display system by construction of a 
secondary library. While we have demonstrated 
this method of ligand assessment on a continuous 
epitope, it should also prove to be a valuable 
strategy in defining spatial constraints in peptide 
mimicsof discontinuous ligands as well: Modeling 
based on the range of amino acid types permissi- 
ble at* each position within a preferred ligand 
could help determine the size and contour of a 
receptor binding pocket for analog engineering 
and drug discovery: *r f . V t. •■Htte:^ V 
The importance of the predicted Asp-Tyr-Lys- 
Xaa-Xaa-Asp core motif in M2 binding Was con- 
firmed by independent solid-phase binding as- 
says. Further, the broad diversity of structure 
observed at the two intervening positions within 
the core motif argues strongly for the lack of 
steric and, spatial restrictions, at those sites. Re- 
cent evidence by. Gong et al. (1993) show a high 
degree of correlation between residues selected " 
from a random epitope library and those shown 
to be critical by crystallographic analysis. Simi- 
larly, we have used NMR spectroscopy of [ 15 NK 
DjYKLGD^L (99 atom % ,5 N at the a posi- 
tion of each amino acid except for lysine) to 
investigate the interactions of this peptide with 
M2 Fab fragments. The largest chemical shift 
differences between the free and bound peptide 
were obseived for residues D, and D 6 , indicating 
that these resioues are those most likely to inter- 
act with the Fab fragment (Stockman et al, 
manuscript in preparation). These independent 
observations support our predictions as to the 
importance of Asp residues at positions 1 and 6 
of the immunogen in the M2 epitope. Both Asp 
residues were selected in either primary or sec- 
ondary libraries (the position 6 Asp residue was 
fixed in the secondary library as a core residue). 
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The immune system exploits relative binding 
affinity to select and amplify preferred structural 
variations of an originally selected clone. We 
believe we can functionally mimic the latter with 
peptide phage through binding kinetics. In our 
experiments the higher stringehcy conditions dur- 
ing selection appeared to enrich for selected 
species from a larger background of specific, but 
functionally less efficacious binders. Our choice 
and use of buffer conditions here was aided by 
our prior knowledge of the original immunogen 
and our ability to directly test buffer effects on its 
antibody binding. For an unknown ligand where 
the binding mechanism is not known, buffer con-; 
ditions might first be tested on candidate species 
selected from the primary library* Otherwise, ar- 
bitrary modulation of binding conditions such as 
hydrophobicity or ionic strength might function- 
tally bias selection to specific peptide types rather 
^than necessarily the best overall binders:: This 
approach could, in fact, be exploited practically 
as an additional selection condition for ligand 
species in specific structural classes or with de- 
sired binding properties. 

Since there is little chance that a phage display 
library can be constructed that fully represents all 
peptide ligands longer than about six or seven 
residues, multistage selections like that described 
here can provide one means to effectively explore 
a much , fuller sequence space; Such a search 
strategy depends first on broad diversity in the 
sequence space coverage of the primary library 
(PeGiraaf et al, 1993), and on selection protocols 
with sufficient resolution to discriminate a small 
number of strong, optimal binders from a back- 
ground of statistically more numerous, but less 
effective ligands. 

Finally, when building upon or modifying se- 
quences identified in the first-stage screening of a 
primary library, it is important to recognize that 
the selected core sequences represent individual, 
local optima in the sequence space that was avail- 
able and effectively searched (Kauffman, 1993). 
A global optirhum might be missing or under-rep- 
resented in any discontinuous library. This fact 
can effect the method chosen to modify initially- 
selected core species to explore a larger sequence 
space (Kauffinan, 1993). Rather than maintair 
complete constancy of core residues as in the 



example reported here, alternative mutation 
strategies, including codon-based mutagenesis 
(Glasser et al., 1992) or an error-prone DNA 
polymerase chain reaction (Pannekpek et al., 
1993) might be employed to increase diversity in 
regions around such local optimum while also 
maintaining a cumulative selection upon the ini- 
tial sequence motif. Alternatively, a larger panel 
of candidate core sequences, or a less complete 
core sequence might be chosen for mutagenesis 
instead of the single motif selected here. 
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